Abstract -To investigate the gas-solid flows in a circulating fluidised bed with multi-cyclone separators, a circular ECT sensor and rectangular ECT sensor are designed and used to measure the solids distribution in a cross-section in the inlet and standpipe of cyclone separator respectively. The rectangular ECT sensor has 12 electrodes with two in each shorter side and four in each longer side. The circular ECT sensor has 8 electrodes. For image reconstruction, sensitivity maps have been calculated using a simulation package, Maxwell from Ansoft. Dynamics test of CFB processes with different fluidisation velocity are given both in the inlet and downwards standpipe of the cyclone. ECT test results are given and analyzed and compared with pressure measurement results.
I. INTRODUCTION
Circulating fluidised bed (CFB) combustion technology combined with a high efficiency gas-solid separation circulation is one of the key factors to reducing air emissions and the effect on global warming (Reh 2003) . The development of CFB technology is continued to offer up to 600-800 MWe capacities with ultra-super high steam parameters (Luo et al. 2005 ). In the meanwhile, technology is being developed to provide flexible operation for air and oxy-combustion to capture carbon.
To meet the demand for optimised operation parameters and large thermal capacity, to achieve high combustion efficiency, and to reduce limestone consumption and high sulphur capture efficiency, high efficiency gas-solids separation is a key issue (Morin et al. 2003) . Due to the decrease in centrifugal force with the increase of cyclone diameter, however, the separation efficiency decreases with the scaling-up of CFB boiler (Hack et al. 2008 ). To deal with the above problem, several small cyclones may be used instead of one large cyclone. A problem with several small cyclones is non-uniform solids distribution between the cyclones, which would have strong effect on the coal combustion process and pollution emission (Yue et al. 2008 ). Further, the non-uniform solids flux will result in the un-balance distribution of heat flux along the heat transfer surface. The difference of solids concentration can be as high as 17% between different cyclone separators (Li et al. 2009 ). To overcome the non-uniform distribution, some methods has been reported and patented. ALSTOM proposed a type of multi-cyclone separator system, which can achieve uniform solids distribution in different cyclone separators based on cold test in a CFB with the scale of 0. To understand the hydrodynamic behaviour of super-high pressure CFB, a cold CFB test rig with symmetrical arrangements of six cyclone separators on the top of the boiler, three separators in each side has been built in the Institute of Engineering Thermophysics, Chinese Academy of Sciences. The objective of this research is to investigate the cold gas-solids distribution among the six cyclones by ECT measurement. The experiment includes the effect of fluidisation velocity and boiler load (initial material weight) on the solids flux through the inlet of cyclones and solids concentration as well as flow rate recirculation to the chamber in the standpipe. ECT measurement results will be validated by conventional method results including pressure measurement. Fig. 1 shows the ECT sensors used in the research. For the rectangular ECT sensor, there are two electrodes in each shorter side and four in each longer side. The length of electrodes along the flow direction is 5 cm. Theoretically, the electrode should be longer in the flow direction than the mean dimension of the cross section to reduce the 3D fringe effect (Yang 2010 ). However, due to the limitation in space, the maximum length of the ECT sensor can be 5 cm only. The circular ECT sensor as shown in Fig.1 (b) has 8 electrodes. There are total 6 circular ECT sensors mounted in the standpipe and located 20cm above the U-loop. The measurement system is AC-based ECT system provided by ECT Instruments Ltd (UK) with a data acquisition rate up to 150 frames/second for a twelve electrodes sensor (Yang and York 1999). 
II. ECT SENSOR

III. CALCULATION OF SENSITIVITY MAPS
For the ECT sensor as shown in Fig. 1 , the potential distributions are solved by 2D modelling based on a finite element method (FEM) and by simulation using a software package, Maxwell from Ansoft. For modelling, it is important to select an appropriate mesh to minimise the error. The mesh size and parameters can be set manually. In Maxwell, adaptive mesh generation can be selected for the model. It identifies the regions where high resolution is needed. In the ECT sensor model high resolution meshes are required in the gap between the adjacent electrodes and between the measurement electrodes and earthed screen due to high gradients of potential. Fig. 2 shows three typical potential distributions with electrode 1, 2 and 12 energized respectively.
The sensitivity map of electrode pair i-j at a spatial location (x, y) can now be calculated by vector multiplication of two electric fields, which are normal to the potential distributions.
where E(x, y) is the electric field when an excitation voltage V i is applied to electrode i while all other electrodes remain at the earth potential, and p(x, y) is the volume of the cell at (x, y). Fig. 3 shows some typical sensitivity maps. 
IV. TEST RESULTS AND ANALYSIS
The CFB chamber is 5.8 m tall and has a cross-section of 0.92×0.42 m. There are three cyclone separators in each side on the top of the boiler chamber as shown in Fig.1 . The primary air is fed through a windbox below the air distributor in a range of 26 m/s. The test material is sand with the mean diameter of 500 μm and packed density of 1635 kg/m 3 . The initial material load is 220 kg and static bed height is 50 cm. The fluidization velocity is in the range of 3.23 m/s and 4.67 m/s. Landweber iteration algorithm ) is used to image reconstruction. During the measurement, the bed is fluidised and run for 5 minutes and continuous recorded the capacitance for 10 minutes both in the inlet and standpipe of the cyclone. Fig. 4 gives the reconstructed image in the cross-section in the standpipe with different fluidisation flow rate. The solids voidage is in the range of 0 % ~ 2.0 %, 2 % ~ 3.0 %, 3 % ~ 6.0 % when the flow rate is 4500mm 3 /h respectively. Fig.5 shows the averaged capacitance and solids voidage profile with different flow rate for one of the standpipe. As can be seen from those images, the solid flow in the standpipe is typical annular flow due to the strong swirl effect in the cyclone separator. The solid concentration increases with the increase of fluidisation air through the standpipe. This can be seen clearly from 
A. Results analysis in the standpipe
B. Results analysis in the inlet of cyclone
Fig . 6 gives the image reconstruction results for all of the cyclone inlets during the test. It is clearly shows that the sands accumulated in the lower corner of the cyclone inlet due to low velocity in these areas. Fig.7 gives the comparison results with real camera recorded photo. In real industrial CFB design, it is necessary to optimum design the cyclone inlet in terms of inlet angle and cross-section area to achieve high solid separation efficiency. Fig.8 , we can see that the average solids concentration and solids flux in the standpipe increases with the increase of fluidisation flow rate. Meanwhile, the distribution of the above parameters is non-uniform among the three standpipes in the same side of the CFB chamber. Fig.9 gives the averaged solid concentration in the three cyclone inlets profile with different flow rate. It can be seen from the curves that the distribution is non-uniform among the three inlets, i.e. with high value in the corner side and low value in the middle. The gas-solids hydrodynamic behaviour is one of the key issues to scale up a circulating fluidised bed (CFB) from small scale to large scale with multi-cyclone separators system. To investigate the solids distribution in a large scale CFB with six cyclone separators, electrical capacitance tomography is used to measure the solids concentration in the inlet and standpipe of cyclone. Rectangular ECT sensors and circular sensors have been designed and used to measure the solids distribution in a cross-section in the inlet and standpipe of cyclone. Dynamic test with different fluidisation velocity and initial material load are given and analyzed. The preliminary test results show that the solids distribution of the cold model with axis-symmetrically arrangement of cyclones can be measured in different bed inventories and superficial velocities. The measurement result provides valuable information for the scaling up a super-critical pressure circulating fluidised bed with multicyclone separators.
